The concept of a mineral deposit forming via a mineral system that operates across areas of perhaps 1000s of squares kilometres and to mantle depths has important implications for greenfields mineral exploration. Geographically widespread datasets and deep penetrating geophysical methods are required to map key mineral system elements such as fluid/metal source zones and migration paths. Developed primarily for academic studies of the deep crust, there are several established geophysical techniques that can potentially be used to identify elements of mineral systems in the deep crust and upper mantle. Although the seismic reflection method produces the highest quality images, it is prohibitively expensive and the recommended approach is a combination of MT surveys and receiver function recordings with CCP stacking. Mineral system elements that can be detected in this fashion include major structures and geological boundaries which are potential controls on fluid flow and also areas of crust and mantle that have been altered by one or both of fluid creation and migration
INTRODUCTION
A mineral system is defined as "... all geological factors that control the generation and preservation of mineral deposits" (Wyborn et al., 1994) . Although framed in various ways, two common descriptions of the components of a mineral systems are in terms of (i) a fluid/metal source-migration pathway-trap zone, (ii) favourable geodynamic setting-lithospheric architecture-fluid sources-fluid drivers-migration pathways-transport and depositional processes. An important implication of the mineral system concept for greenfields exploration strategy is that deposit-forming processes are now seen as the result of a multi-scale processes that take place at scales of 100s to 1000s of square kilometres and extend to mantle depths. As a consequence, geographically widespread geophysical datasets and deep penetrating geophysical methods are required to detect responses suggestive of the presence of a mineral system. Mineral system components that are most likely to create a detectable geophysical response include: (i) fluid/metal source zones 'altered' by the process of fluid/metal expulsion, (ii) major magma chambers which sourced magmas for orthomagmatic deposits, e.g. PGE, Pt, Ni-CuS deposits in mafic and ultramafic rocks and (iii) fluid pathways (usually major faults) preferably with evidence for fluid-related alteration haloes. Because of their control on fluid flow below and within the crust (both brines and magmas) the edges of cratonic blocks are important indicators of regional-scale prospectivity (McCuaig et al., 2010) . These may be present-day cratonic margins or those in existence prior to the creation of the current cratons; for example a major palaeocratonic boundary at the western margin of the Eastern Goldfields Superterrane within the Yilgarn Craton is associated with major gold and NiS deposits. Finally, a potentially very important type of target is alteration zones associated with the existence of a palaeo fluid reservoir such as proposed by McCuaig and Hronsky (2014) . They propose that hydrothermal mineralisation forms due to the periodic and transient breeching of a fluid reservoir located a few kilometres beneath areas where deposits occur. These reservoirs would be expected to be zones of intense alteration and are postulated to be hundreds of metres to a few kilometres in size. If this idea is correct these 'palaeo-reservoir' zones represent key indications of prospectivity at the district scale and attractive geophysical targets.
GRAVITY & MAGNETICS
The mapping of linear features in gravity and magnetic data, normally assumed to be associated with structural discontinuities, is a routine part of mineral exploration and numerous deposit types have been shown to be associated with faults at scales ranging from deposit to continental. In a mineral system context these datasets are suitable for mapping potential controls on fluid flow. A good example of major deposits associated with a linear gravity feature is the gold deposits comprising the Carlin-trend in Nevada (Grauch et al., 2003) . Another mineral system component possibly detectable with potential field data is major magma chambers; a major positive gravity anomaly so interpreted being one reason the Musgraves region in Western Australia was selected for exploration leading to the discovery of the Nebo-Babel Ni-Cu S deposit (J. Hronsky, pers comm).
Numerous gravity and magnetic datasets of regional-national and continental-scale are now available at nominal or no cost, representing readily accessible datasets with the geographic extent necessary to identify evidence for the presence of a mineral system. The great disadvantage of these datasets is the lack of resolution below upper crustal depths.
MAGNETOTELLURICS
Magnetotelluric (MT) methods are a well-established tool for academically motivated studies of the deep lithosphere. This frequency-domain passive electromagnetic technique has the advantage of being comparatively cheap whilst being able to achieve very deep penetration. Its major weakness concerns current understanding of causes of electrical conductivity variations in the deep crust. In cratonic regions there is often a conductive lower crustal layer but its cause is not fully understood. Recent results from mineral physics studies show that, from the mid-crust to the base of the lithosphere, temperature and the hydrogen content of nominally anhydrous minerals are the two most important controls on electrical conductivity. Graphite films on mineral grain boundaries also enhance conductivity but are stable only to the uppermost mantle (Selway, 2014) .
For many years the main application of MT in mineral exploration was mapping the depth of the lithosphere-asthenosphere boundary as required for diamond exploration (Jones and Craven, 2007) . In a mineral system context the method has been applied to mapping major geological boundaries, such as craton margins and also major faults . The presence of conductive lower crust is often useful in this context since lateral changes in electrical properties can be interpreted as indicative of different geology/geological history. There is also evidence that mantle metasomatism causes detectable changes in electrical properties and hence this may be indicative of fluid-souring melting episodes.
Major faults are often associated with steeply dipping conductivity anomalies. These may be resistive, probably due to mylonitisation, but zones of increased conductivity are more common. It is attractive to interpret these responses in terms of conductive sulphide minerals or graphite deposited by metal-bearing hydrothermal fluids during their movement toward eventual sites of metal precipitation. However, what evidence is available suggests large volumes of conductive mineral species are not present even in structures know to be associated with deposits.
The spectacular MT-derived conductivity cross section below the Olympic Dam IOCG deposit in South Australia (Heinson et al., 2006) represents a compelling argument for regional-scale MT surveys as indicators of prospectivity, at least for this style of deposit. An interesting conductivity cross section across the Kalgoorlie region is presented, but only briefly described, by Blewett et al. (2010) . A conductivity anomaly in the upper crust is possibly due to a palaeo-fluid reservoir beneath this major gold camp. The lower lithosphere may also be anomalously conductive compared to adjacent areas. Funding for a major MT experiment designed to image a (different) Archean orogenic gold mineral system in 3D is currently being negotiated.
CONTROLLED-SOURCE SEISMIC METHODS
Deep seismic reflection surveys provide the highest resolution images of the deep crust. However, their high cost prohibits widespread use and nearly all surveys comprise single traverses of 2D data. Logistical constraints mean the surveys often have nonideal acquisition geometries and they are frequently not ideally located to image the local geology; which is often complex and three dimensional. Also, the attitudes and relative positions of reflector packages are highly dependent on the velocities used to migrate the data, these often being very poorly known.
Large-scale mineral system components that can be expected to be imaged by seismic reflection surveys include major faults and tectonic boundaries. Of particular significance is whether such structures extend to the mantle, the source for metals and/or fluids in several important mineral systems. Other relevant interpretations of seismic reflection data include defining 'seismic provinces' based on reflection character in the lower crust, e.g. Johnson et al. (2013) . The implication is that boundaries between provinces are important tectonic boundaries in the deep crust. A loss of seismic response in the crust has been interpreted as due to alteration caused by fluids, e.g. Heinson et al. (2006) .
Another potential application of controlled-source seismic methods is in their refraction/wide angle form. Dense recording arrays and tomography-based inversion schemes may be able to identify velocity anomalies associated with major magma chambers and palaeo-reservoirs. This form of camp-scale exploration targeting could utilise blasts from existing mines as a means of reducing survey costs.
PASSIVE SEISMIC METHODS
Passive seismic methods of interest here can be divided into two types: teleseismic methods and ambient noise methods. Only the former are considered, although ambient noise tomography has the demonstrated ability to map major geological boundaries such as cratonic margins. Analysis of different frequency components allows features to be mapped at varying depths.
Teleseismic methods use seismic waves generated by distant earthquakes. A receiver function is a time series computed from a three-component seismogram, with arrivals corresponding to P-to S-wave conversions generated by major discontinuities in the crust beneath a station. This earth structure response can be isolated from the source and instrument response on a seismogram by deconvolving the vertical component from the horizontal component (radial and tangential. Surveys that combine dense recording arrays and a form of data processing called common conversion point (CCP) stacking can produce crustal-scale cross-sections, and sometimes volumes, which map major geological boundaries and crustal thickness, e.g. Dueker and Sheehan (1997) , Pavlis (2003) , Thurner et al. (2015) .
CCP-derived crustal cross-sections represent a practically achievable alternative to MT surveys to map major geological boundaries at reasonable cost. From a mineral system perspective major fault (fluid pathways) and cratonic boundaries can be mapped. A trial of this approach, in the Capricorn Orogen of Western Australia, has produced encouraging results.
CONCLUSIONS
Developed primarily for academic studies of the deep crust, there are several established geophysical techniques that can potentially be used to identify elements of mineral systems in the deep crust and upper mantle. Although the seismic reflection method produces the highest quality images, it is prohibitively expensive and the recommended approach is a combination of MT surveys and receiver function recordings with CCP stacking. Mineral system elements that can be detected in this fashion include major structures and geological boundaries which are potential controls on fluid flow and also areas of crust and mantle that have been altered by one or both of fluid creation and migration.
